Studies were carried out on microsomes isolated from the highly differentiated (slow-growing) Morris hepatoma 9618A, on microsomes and plasma membranes from the poorly differentiated (fast-growing) Morris hepatoma 3924A, and rat liver used as control. The lipid composition (phospholipid and cholesterol content, degree of fatty acid unsaturation) and peroxidation of such membranes has been correlated with the order and fluidity of the membrane bilayer. The results indicate that substrate availability is the rate-limiting step in microsomal and plasma membrane lipid peroxidation of hepatoma 3924A. From diphenylhexatriene fluorescence depolarization measurements it appears that the changes in lipid composition cause an increase in the order of the lipid bilayer on going from the control to hepatoma 9618A and 3924A microsomes, while fluidity is virtually unchanged. Conversely, for similar chemical changes, in plasma membranes from hepatoma 3924A the order is nearly the same and there is a decrease in fluidity. The changes in the above parameters of tumor membranes might be partly related to the loss of protective enzymes against oxygen radicals. This is supported by the observation that inhibition of liver superoxide dismutase and glutathione reductase, by treatment of rats with diethyldithiocarbamate and chloroethyl nitrosourea, respectively, renders the microsomal membranes more resistant to lipid peroxidation in vitro.
INTRODUCTION
Previous work (1-4) performed on microsomal membranes from hepatomas with different growth rates has suggested the existence of a correlation between (a) the degree of fatty acid unsaturation and the rate of lipid peroxidation, (b) the lipid composition and order of the membrane, and (c) the variation in the above parameters and the growth rate of the tumors. These tumors also exhibit a growth-related decrease in the activity of oxy radical scavenging enzymes, i.e., superoxide dismutase (SOD) and glutathione peroxidase. It has been proposed (5) that such enzyme loss could be responsible for a pronounced lipoperoxidative attack of the microsomal membranes in vivo, with consequent variation of the functional and structural properties of the isolated membranes.
However, our suggestion that lower substrate availability is the limiting factor in tumor microsomal lipid peroxidation (2, 6) requires critical revision in the light of the following considerations. First, the comparative experiments of lipid peroxidation in liver and hepatomas need to be performed under optimal conditions with regard to iron concentration and chelation of iron by ADP. Indeed it has been reported recently (7) that the rates of NADPH-dependent malondialdehyde and lipid hydroperoxide formation in rat and rabbit liver microsomes vary as a function of ADP-Fe3+ concentration and ADP:Fe3+ molar ratio. Secondly, it may be that the lower susceptibility of tumor microsomes to lipid peroxidation is also due to an increase in their content of antioxidants (e.g., vitamin E), as has been suggested to explain the low peroxidation rates of lung and heart microsomes (8).
The aims of the present work were (a) to verify that the polyunsaturated fatty acid content is really the rate-limiting step in lipid peroxidation of hepatoma microsomes, (b) to establish whether other membranes from these tumors (e.g., plasma membranes) exhibit similar changes in lipid peroxidation and in their physical state, and (c) to test more accurately the hypothesis that an oxidative stress, such as that due to the decline in the protective enzyme content, may produce the damage observed in tumor membranes.
The tumors employed were the highly differentiated (slow-growing) Morris hepatoma 9618A and the poorly differentiated (fastgrowing) Morris hepatoma 3924A. The experiments were performed on microsomes and plasma membranes with regard to lipid peroxidation, membrane order, and fluidity. Some preliminary data are also given on the vitamin E content of microsomal membranes.
Finally we have induced in rat liver a deficiency of Cu-Zn SOD and glutathione reductase by in vivo administration of diethyldithiocarbamate and chloroethylnitrosourea (9, 10). Such condition has been considered comparable to that of hepatomas and it has been used in our experiments to test the effect of the decline of protective enzymes on the ability of microsomal lipids to be peroxidized in vitro.
M ETH o DS
Tumor preparations were performed as previously described (5). Male Wistar rats (200-220 g) were injected intraperitoneally with the sodium salt of diethyldithiocarbamate (DDC) (1.2 g/kg body weight) in isotonic NaCl and/or 2-chloroethyl nitrosourea (BCNU) (30 mg/kg body weight) in absolute ethanol and killed at different time intervals after treatment. Isolation of microsomes and plasma membranes from rat liver (Wistar, ACI/T, or Buffalo strains) and hepatomas were carried out as described in Refs. 1 and 11. Proteins were estimated by the biuret method. Lipid peroxidation was measured as malondialdehyde (MDA) formation by the thiobarbituric acid assay and as lipid hydroperoxide formation (12) . Two incubation systems were used. Microsomes and plasma membranes were suspended in 0.15 M KCl, 50 mM Tris-HC1 (pH 7.5) saturated with oxygen. In one system the membranes (0.2 mg protein/ml) were incubated at 25°C in the presence of 0.33 mM xanthine and different ADP and FeCl, concentrations; the reaction was started by 50 pg/ml xanthine oxidase (Sigma, Type I). In the other system microsomes (3 mg protein/ml) were incubated at 37°C and the peroxidation was started by addition of 60 p~ phenylhydrazine. Cytosolic superoxide dismutase was extracted and assayed according to the procedures of McCord and Fridovich (13) and Misra and Fridovich (14) . Glutathione reductase activity was assayed at 25°C in 105,000 X g supernatants from 20% (w/v) 0.25 M sucrose, 0.5 mM EGTA, and 5 mM Hepes (pH 7.4) homogenates, by measuring the decrease in absorbance at 340 nm due to oxidation of NADPH (15) .
Vitamin E was measured in microsomal samples, using a spectrophotometric method, after saponification, extraction with hexane, and elimination of vitamin A by H,SO, (16) .
The equipments used for fluorescence anisotropy and fluorescence lifetimes measurements have been described elsewhere (4) . The samples were always thermostatically controlled at the desired temperature with an accuracy of +O.l"C. Measurements for both steady state and nanosecond technique were carried out by diluting 300 pg protein as membrane suspension in 2 ml2O mM TrisHCl, pH 7.4, buffer and adding 1,6-diphenyl-1,3-5-hexatriene (DPH), dissolved in acetone to a final concentration of 5 X lo-' M. The phospholipid/DPH ratio was kept between 150:l and 300:l. Steady state polarization anisotropies and fluorescence decay times are needed for the determination of order parameters and fluidity. The former were calculated as previously reported (4) and the latter deconvoluted according to a procedure published elsewhere (17, 18) . In all the experiments, fluorescence decay was not monoex-TOXICOLOGIC PATHOLOGY ponential and fits were performed using a double exponential decay.
DPH was purchased from Aldrich-Europe Co. and purified by sublimation. All organic solvents were fluorimetric grade; all other chemicals were reagent grade.
RESULTS

ADP-and Fe3+-dependent Lipid Peroxidation
Figs. 1 and 2 show the effect of iron concentration and chelation of iron by ADP on rat liver and hepatoma 3924A microsomal lipid peroxida tion, respectively. It appears that the peroxidation rate is maximal at 50 p~ ADP-Fe3+ and at an ADP:Fe3+ molar ratio of 20:1. It is intriguing, however, to notice that the highest peroxidation rate in the hepatoma microsomes is obtained with 50 PM Fe3+ in the absence of ADP; no ready explanation of such an effect can be offered at the present stage. Table I reports the extent of oxygen radical-induced lipid peroxidation, measured under optimal conditions with regard to iron and ADP concentrations, in microsoma1 membranes as compared to plasma membranes from rat liver and hepatomas m i a A and 3924A. Lipid peroxidation gradually decreases from the control to the fast-growing hepatoma microsomes. Plasma membranes from hepatoma 3924A show an even higher resistance to peroxidation. No data are available so far for plasma membranes from hepatoma 9618A.
Order Parameter and Membrane Fluidity Measurements Fig. 3 shows the parameter (P2) that gives a measure of the structural order in the membrane lipid domain. Table I1 reports the best fitted values for the temperature variation of (P2), and ER. Dper is the component of the probe rotational diffusion tensor perpen- Microsomal membranes show an increase of ordering on going from the normal to the fast-growing tumor (Fig. 3) . On the other hand, plasma membranes from hepatoma 3924A show virtually no difference when compared to the controls. However, on comparing normal microsomal membranes with plasma membranes, it is noteworthy that the latter show an order parameter that is about 2-fold higher, and varies much less in the range of temperature studied. Table I1 shows that in all the microsomal preparations the fluidity, as expressed by the dynamic parameters Dpcrand ER, is virtually unchanged. This property, instead, decreases in plasma membranes from hepatoma 3924A with respect to the control. However, we would not like to emphasize too much the dynamic properties derived from our calculations, since the best way to measure them would be by timedependent anisotropy decay measurements which are being carried out presently.
Lipid Peroxidation of Microsomes from
Superoxide Dismutase-and Glutathione Reductase-deficient Rat Liver Fig. 4 reports the percentage of activities of liver CuZn SOD and glutathione reductase of rats treated with DDC and BCNU, respectively. Both the enzymes decrease markedly at 1 hr after drug administration. CuZn SOD activity increases thereafter, reaching about 40% of the control value in about 24 hr, while glutathione reductase remains low for all the time of observation. Fig. 5 shows the time course of phenyl hydrazine-induced lipid peroxidation of microsomes isolated 24 hr after treatment with BCNU, DDC, and BCNU plus DDC. Lipid peroxidation decreases in the presence of the drugs and such decrease is maximal when the two drugs are used in combination.
DISCUSSION
It has been reported previously that in microsomal membranes the lipid to protein ratio and the double-bond index decrease gradually from rat liver to the less differentiated Morris hepatomas. The cholesterol to protein ratio is nearly constant while the cholesterol to phospholipid ratio increases (2, 4) . In plasma membranes the same trend is preserved (21); no data, however, are yet available for the double-bond index. To verify the hypothesis that the resistance to lipid peroxidation of hepatoma microsomal membranes is dependent on the low availability of peroxidizable substrate, the peroxidation conditions were optimized with regard to the other possible rate-limiting factors, i.e., ADP
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and Fe3+. From the data obtained ( Figs. 1 and  2) , it is apparent that a marked difference between control and hepatoma microsomal lipid peroxidation is still maintained even at the maximum rates observed. Preliminary results on determination of the content in vitamin E of microsomal membranes show that such content does not differ in membranes from normal and transformed cells (rat liver microsomes: 0.167 & 0.012 (5) pg/ mg protein; hepatoma 3924A microsomes: 0.175 & 0.042 (4) pg/mg protein) (22) . In this case the possibility that the lower vulnerability of tumor microsomes to peroxidative agents is due to a higher content of antioxidants would not be supported. Therefore the suggestion that the rate of microsomal lipid peroxidation in tumors is limited by the availability of unsaturated fatty acid chains is strengthened. Similar conclusions may be drawn for plasma membranes from hepatoma 3924A2, although data are not yet available on the polyunsaturated fatty acid and vitamin E content. Indeed, the lowering of the phospholipid to protein ratio by a factor of two with respect to liver plasma membranes (21) is already indicative of substrate deficiency in tumor plasma membrane lipid peroxidation.
The changes in lipid composition of hepatoma microsomal and plasma membranes seem also to correlate well with the alterations in the structural properties of the lipid bilayer. It has been reported that peroxidation of liver microsomes induces a decrease in polyunsaturated fatty acids and an increase in the membrane lipid order (23). We have suggested that during tumor transformation the extent of oxygen radical-induced peroxidation of polyunsaturated fatty acids might be increased due to the decrease of antioxidative enzymes (2) . If such a suggestion is valid, a similarity may be proposed, in terms of lipid composition and organization, between liver microsomes peroxidized in vifro and hepatoma microsomes. Hepatoma plasma membranes do not show differences in the order parameter with respect to control. They, however, exhibit a decrease in fluidity, as indicated by the changes in the dynamic parameters Dper and ER. This behavior is probably explained by the fact that liver plasma membranes are already highly ordered and no significant change may be expected to occur following transformation. Conversely they may be altered only in terms of a decrease in fluidity.
The results obtained with the use of drugs which decrease the enzymatic defenses against toxic species of oxygen could also support the hypothesis that increased lipid peroxidation in vivo damages the membranes in such a way that they become subsequently more resistant to lipid peroxidation in vitro. Further experiments on this line are needed to demonstrate that alterations in lipid composition and physical state, consistent with the changes in lipid peroxidation, also occur in microsomal membranes isolated from SOD-and glutathione reductase-deficient rat liver.
